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INTRODUCTION 
Historical 
Recoil chemistry was born in the work of Szilard and 
Chalmers (1) in 1934. Their interest lay in the chemical fate 
of iodine after the iodine in ethyl iodide had undergone the 
19 7 19R 
nuclear transformation I(n,Y) I. They observed that much 
of the radioactive iodine could be separated from the parent 
liquid, which suggested that a momentum effect was responsible. 
Other authors (2,3) shortly confirmed these results. In 
recognition of this early work, recoil chemistry is often 
referred to as Szilard-Chalmers chemistry. 
The direction which recoil chemistry took was determined 
by the available methods of producing radioactive elements. 
Neutron sources far outnumbered other methods of creating 
nuclear transformations. The result was a continued study of 
the recoil processes in organic halides, since other elements 
found in covalent compounds do not yield radioactive species 
in neutron irradiations. 
The lack of or complexity of procedures for separating 
the large number of compounds produced forced most researchers 
to determine only organic and inorganic yields. Not until the 
advent of gas chromatography could such a variety of compounds 
be easily separated and identified. The organic retention. 
which is defined as the fraction of activity in the organic 
phase after extraction with a suitable aqueous solution, was 
shown by Gluckauf and Fay (4) to depend on other compounds 
besides the parent liquid. After irradiation of methyl 
iodide, toluene and diiodomethane were added and the mixture 
was extracted with an aqueous solution. The organic phase 
was dried and fractionated and both the methyl iodide and the 
diiodomethane contained radioactivity. These authors also 
demonstrated that all of the radioactive atoms broke away from 
their parent molecules. They irradiated a four percent solu­
tion of bromoform in carbon disulfide. After removal of the 
free bromine and carbon disulfide, no activity was left in the 
bromoform. 
The accumulation of information on organic retention, 
including phase and dilution studies, caused Libby (5) to 
bring forth his "Billiard-Ball Collision Theory" in 1947. He 
envisioned the organic yield being due to the elastic colli­
sion of atoms of similar mass. This type of collision would 
result in a large momentum transfer to the atom being struck 
and leave the resulting radical and "cooled" atom in a cage of 
surrounding molecules to combine and form the parent compound. 
Less effective collisions would cause the recoiling atom to 
lose energy more slowly until it finally reached thermal 
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energies. This thermalized atom then reacted to give the 
inorganic products. 
Friedman and Libby (6) modified the theory to include the 
possibility of production of organic compounds other than the 
parent compound. These other organic compounds were said to 
arise from "epithermal" reactions. These reactions took place 
at energies on the order of two or three times bond energies. 
Fox and Libby (7) again modified the theory to include the 
production of other organic products by hot reactions. 
Miller et al. (8) derived mathematical expressions based 
on this theory, but later experimental results disagreed with 
their predictions. 
Some of the greatest objections to the theory were raised 
by Willard (9), who found that inorganic as well as organic 
yields were due to hot reactions. Some inorganic and organic 
yields were due to atoms having undergone many collisions. 
For some compounds, the organic yield was no greater in the 
solid phase than in the liquid phase which is contrary to 
Libby's theory. Due to conflicts with experimental data, 
the theory was eventually abandoned. 
The objections to the "Billard-Ball" theory and the 
increase in experimental data caused Willard to develop the 
"random fragmentation" theory. He thought that inelastic 
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rather than elastic collisions would be the general method of 
reducing the energy of the recoiling atom. The atom should be 
thought of as colliding with molecules and groups of molecules, 
generating different types of radicals along its path. Near 
the end of its path, but before the atom was thermalized, it 
would find itself near a number of the radicals it had gener­
ated. The atom could then react with one of these radicals to 
form one of the variety of possible products. It could also 
react with a molecule to give a product. 
This theory described the phase and scavenger dependence 
of the systems and the variety of compounds formed, but it 
also met with difficulties (10,11). Because of the difficul­
ties associated with the physical approach, more emphasis is 
being placed on a chemical approach to recoil chemistry. 
The large amount of information available on recoil chem­
istry has been covered in a number of reviews on the subject 
(12-17). 
Carbon-14 Recoil Chemistry 
The major amount of work done in early carbon recoil 
studies was with carbon-14. The greater availability of 
neutron sources compared to other methods of producing radio­
active carbon again determined the isotope used. The nuclear 
5 
transformation was produced by the reaction ^ N^(n,p)^ C^. This 
reaction possessed difficulties because of the necessary 
nitrogen source and the long irradiation times requires. 
Carbon-14 has a 5,720-year half-life. This long half-life had 
one advantage; it allowed sufficient time for the separation 
of products produced. In the early work on organic systems, 
this had to be done by fractional distillation. 
Although Ruben and Kamen (18) produced carbon-14 in 1941, 
the first recoil studies utilizing it were made by Yankwich 
et al. (19) in 1946. They irradiated samples of urea solu­
tions, urea crystals and other systems. They obtained hydro­
gen cyanide from hydrazine and urea crystals, methanol from 
glycine, and carbon dioxide and carbon monoxide from ammonium 
nitrate samples. Norris and Snell (20) discovered carbon 
dioxide and monoxide as the major recoil products in their 
irradiation of ammonium nitrate. 
MacKay and Libby studied the products formed upon neutron 
irradiation of aniline in n-pentane and isopentane (21). They 
determined the yields of 2-methylpentane, 3-methylpentane, and 
n-hexane as 4.5, 8.3, and 12.2 percent respectively in n-
pentane. Other products^  may have been formed which were not 
T^he author has found such products as hexene-1, hexene-
2, 2-methyl-l-pentene, and 2-ethyl-l-butene in the carbon-11 
recoil studies on n-pentane. 
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separated from the reported products since the separation was 
carried out by fractional distillation. This may also be one 
reason why the results do not agree with those of Wolf (22), 
who obtained 4.27, 2.06 and. 6.5 percent for the same products 
in his study of the n-pentane system. His separations, how­
ever, were carried out by gas chromatographic techniques. 
Schrodt and Libby (23) in their study of the system 
benzene-8 mole percent aniline obtained similar results to 
those of Wolf and co-workers (22,24) for the yields of benzene 
and toluene. They also reported yields for diphenylmethane 
and triphenylmethane as 3.2 and 2.1 percent respectively. 
Carbon-11 Recoil Chemistry 
If one had to choose a discovery which gave the greatest 
impetus to recoil chemistry, it would have to be gas chroma­
tography. The ability of this method to separate a large 
number of compounds in a short time has allowed studies which 
otherwise would not have been possible. The technique was pre­
sented in a classic paper by James and Martin (25) in 1952. 
Carbon-11, which is the only other useful isotope of 
carbon for recoil studies, has a half-life of 20.4 minutes. 
Some of the ways it can and has been produced are as follows: 
^^ C(Y,n)^ C^, ^ N^(p,a)llc, ^ C^(n,2n)^ C^, ^ 0^(p,pna)^ C^, and 
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19 11 C(p,pn) C. One can also use a particle accelerator to 
accelerate carbon-12, and by passing the carbon ion beam 
through a foil, strip a neutron from the nucleus, producing 
carbon-11. In all of these processes carbon-11 is produced 
with a large recoil energy; in the (y,n) process this is 
approximately 5 x 10^  ev. 
Rowland and Libby (26) studied the reactions of carbon-11 
in liquid and solid CO2. Dubrin and co-workers (27) studied 
the reactions of carbon-11 in O2, CO, CO2, SO2, N2, N2O, NO 
and NO2. They found that CO is the only significant product 
formed with O2, CO, CO2, and SO2. Since it is also true in 
liquid oxygen where there is no 3-body restriction on CO2 
formation, they suggest that the dominant mode of attack is 
"end-on". In N2, N2O, and NO, CN is also a major product. 
Most of the work in carbon-11 chemistry has been con­
cerned with gases or gaseous products in liquid systems. 
Voigt and co-workers (28-32) studied the gaseous products in 
a number of organic liquids. Their results, along with those 
of other workers in the field, indicate that acetylene is a 
major product of all organic compounds. Some gases that have 
been studied as parent compounds include methane (33,34), 
ethane (35,36), ethylene (36-39), propane (35,40), and 
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propylene (40). 
Studies on the ethylene system have brought forth a 
number of interesting facts. The aliéné produced is almost 
completely center labeled. This indicates that the recoiling 
carbon-11 attacks the rr-bond of ethylene forming a cyclopro-
pylidene intermediate which collapses to form a^ ene. The 
fact that the carbon atom attack on ethane leads to propylene 
which is almost completely end labeled helps to confirm this. 
These authors postulate that C(^ P) and C(^ D) both take part in 
the formation of products. The triplet is the major precursor 
of acetylene and the five carbon compounds, while the singlet 
is the precursor of the three carbon compounds. 
There have been studies in at least five areas, the re­
sults of which must be included in any theory proposed on the 
subject. These include degradation, moderator, scavenger, 
double tracer, and phase studies. 
The degradation studies on the ethylene system have 
already been mentioned. Degradation studies have also been 
carried out on the products from the benzene, n-pentane, and 
acetamide systems (22,41). Some of the results indicate 
insertion into the carbon-carbon single bond, although this 
has not been confirmed. 
Considerable information has come from the gas phase 
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studies using inert gas moderators. Large quantities of mod­
erator should decrease the average energy of the carbon atoms, 
thereby decreasing the products of the hot atom reactions and 
increasing those of thermal atoms. The decrease in acetylene 
and the increase in five carbon compounds seem to confirm this 
(36). The fact that acetylene is found even at very high con­
centrations of moderator seems to imply that thermal atoms can 
react by sdme of the same modes as hot atoms. Other effects 
of the moderator proposed by these authors are poorer colli-
sional deactivation of excited intermediates, and modification 
of the C(^ D) to C(^ P) ratio. One effect of a moderator which 
was not mentioned may be a change in the ratios of C, CH, 
CH2, and CH3. In studies in the liquid phase it has not been 
possible to use this technique since no nonreactive moderator 
I  
has been found. 
Scavenger studies have been carried out in almost every 
type of system. Oxygen is generally used in gas phase systems, 
while iodine, 1,3,5-trinitrobenzene, 1,1-diphenyl-2-picryl-
hydrazyl, and hydroquinone have been used in the liquid phase. 
Scavengers are used to remove those products due to radicals 
produced by dose and radioactive radical intermediates whose 
lifetimes are long enough for them to be removed by scavenger. 
Scavenger concentrations are usually kept low to prevent 
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competitive reactions. The reactions that do occur are then 
considered hot reactions. Acetylene can be taken as an exam­
ple of the product of a hot reaction since its yield in the 
gaseous or liquid phase is hardly affected by the presence of 
low concentrations of scavenger. 
Those compounds whose presence depends on the collisional 
deactivation of excited intermediates should be increased in 
going from the gas to a condensed phase. Yields of other pro­
ducts which depend on the fragmentation of the intermediates 
will be decreased. The ability to deactivate an excited 
intermediate will depend on the number of degrees of freedom 
of the parent compound. Other effects of a transition from 
the gas to a condensed phase seem to be a change in the ratios 
of products produced by C, CH, CH2, and CH3 along with a large 
reduction in the dose effect (33). 
Wolfgang and co-workers studied the product distribution 
in the recoil studies of deuterated ethane and ethylene (38, 
42). The results on an equimolar mixture of C2D4 and C2H4 
indicate that the aliéné is formed from the reaction of a car­
bon atom with a single molecule of ethylene. Their results 
on an equimolar mixture of C5H5 and CgDg indicate a radical 
intermediate for ethylene and propylene production. They 
found the ratios CgH^ iCgH^ D and equal at 1.3:1, and 
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equal amounts of C2H4, C2H3D, C2D3H and C2D4. 
Ache and Wolf (43) studied deuterated propanes and found 
that there were 26% more carbon-11 atoms reacting with primary 
hydrogens than with secondary hydrogens. 
At present, the mechanism that seems to give the best 
results is the carbon insertion mechanism. It simply says 
that the majority of products are produced by the insertion 
of C, CH, or CH2 into carbon-hydrogen or carbon-carbon double 
or triple bonds. The resulting intermediate then collision-
ally deactivates, fragments, or reacts with other parent 
molecules to form the final product. 
One system which is not well understood at this time is 
benzene. Although a number of researchers (44-46) have stud­
ied the system, somewhat less than half of the activity pro­
duced has been found in products, indicating that much of the 
activity is in high boiling, polymeric species. 
Carbon Arc Chemistry 
Although the carbon species produced in a carbon arc are 
non-radioactive, there is a need for a comparison of the work 
utilizing the carbon arc and that using nuclear transforma­
tions . Skell and co-workers have published a number of papers 
on reactions of the carbon species produced in a carbon arc 
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(47-51). The greater amounts of carbon produced from the arc 
appear to be in the form of 0% and C3, although there is some 
C2 produced. 
These workers have found that the atomic carbon is unre-
active towards paraffins. In fact, atomic carbon aged on a 
paraffin hydrocarbon surface is stable at -196°C. This sta-
1 1 bility has been used to allow the C( S) and C( D) states to 
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decay so that only those reactions of the C( P) ground state 
would be observed. The carbon is first deposited on a paraf­
fin hydrocarbon surface at -196°C; after a two minute delay to 
allow the excited states to decay, the unsaturated hydrocarbon 
is added to react with the ground state carbon. By simultan­
eous deposition of the unsaturate and the carbon species, the 
reactions of all states can be observed and a comparison made 
between them. An interesting observation is that the carbon 
species react with olefins to give only spiropentanes and 
bisethanoallenes and no other products. Reactions of C3 with 
n-butane, methyl chloride, propyne, acrylonitrile, benzene, 
or hydrogen cyanide do not occur. 
The moderator studies by Wolfgang et (36,37) indicate 
that thermal carbon produced by nuclear transformations should 
undergo similar reactions to those of hot carbon. The intrin­
sic reactivity of the carbon would produce similar products. 
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but in different yields from those of hot carbon atoms. Skell 
and Engel report no acetylene is formed when the carbon from a 
carbon arc is allowed to react with ethylene (48). It is also 
inferred that the carbon from a carbon arc does not insert into 
the carbon-hydrogen bonds of saturated hydrocarbons, since the 
carbon is initially deposited on a surface of neopentane. The 
Ci from a carbon arc, however, does react with methanol to give 
dimethoxymethane as the product. This is only a minor product 
of the reaction of carbon produced by a nuclear transformation 
with methanol^ . 
One of the characteristic reactions of methylene is car­
bon-hydrogen bond insertion (52). The methylene can be gener­
ated by photodecomposition of diazomethane or ketene, which 
would not supply nearly the energy available from nuclear 
transformations. 
The difference in reactivity of the carbon species pro­
duced by nuclear transformations and those produced by the car­
bon arc poses a problem. Either the idea of the intrinsic 
reactivity of carbon is wrong or there are sufficient differ­
ences in the procedures to account for the differences in 
reactivity. This difficulty can be overcome by more research 
in both areas. 
G^erard Palino, Department of Chemistry, Iowa State Uni­
versity of Science and Technology, Ames, Iowa. Reactions of 
carbon-11 in methanol. Private communication. 1966. 
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Purpose of Investigation 
From this review, it can be seen that considerable infor­
mation is available on the products of recoil carbon in the . 
gas phase. Some information is also available on products 
from condensed gases and on gaseous products in liquid hydro­
carbons. Although some recent preliminary studies have been 
made (45,53), including that of Mesich (46), little is yet 
known about the nongaseous products from liquid hydrocarbons. 
It is the purpose of this investigation to obtain infor­
mation on the reactions of hot and thermal carbon species in 
a number of liquid hydrocarbons. 
The result is to check the applicability of the insertion 
mechanism to products produced in liquid organic compounds. 
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EXPERIMENTAL 
Materials 
The chemicals used in this study were Research Grade 
obtained from Phillips Petroleum Company. The purity for 
each compound was stated as follows; 
Isopentane 99.99 mole percent 
n-Pentane 99.84 mole percent 
Cyclopentane 99.99 mole percent 
Cyclopentene 99.90 mole percent 
Pentene-1 99.82 mole percent 
Benzene 99.91 mole percent 
These compounds were used without further purification. 
The gases used for column calibrations were obtained from 
The Matheson Company and the liquids were obtained from K & K 
Laboratories Inc., Columbia Organic Chemical Company, Inc., 
and Aldrich Chemical Company, Inc. 
The solid support for the columns was obtained from the 
F 6c M Scientific Division of Hewlett-Packard Corporation. The 
liquid phases were obtained from Eastman Organic Chemicals, 
K & K Laboratories Inc., and Metropolitan-VickerSj.Electrical 
Company, LTD., England. 
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Sample Preparation and Activation 
Sample bulblets approximately 9.3 mm in diameter with 
slightly flattened bases were blown from three millimeter 
pyrex tubing attached to a standard taper. Thé bulblets were 
filled by use of a syringe and needle with the organic compound 
to be irradiated. They were then attached to a vacuum line 
for degassing. The sample was frozen in liquid nitrogen and 
the stopcock to the vacuum was opened. After degassing, the 
stopcock was closed and the sample was allowed to melt. This 
procedure was repeated and the sample was sealed with a torch 
while frozen and open to the vacuum. The absence of carbon 
monoxide as a product during irradiations indicated that the 
degassing technique was sufficient to remove all the oxygen 
from the system. 
The samples were irradiated in the Iowa State University 
electron synchrotron. The sample was taped to a Synthane 
sample holder that was designed to fit the probe in the donut 
of the synchrotron. By proper positioning of the probe and 
adjustment of the timing, the sample received the maximum 
possible beam. The procedure has been published by Hammer 
and Bureau (54,55,56). 
The maximum possible beam energy produced by allowing the 
electrons to impinge on a lead target was 70 Mev. The high 
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energy photons or bremsstrahlung were used to produce the nuc-
19 11 lear transformation C(Y,n) C. The electrons which were not 
stopped by the target also passed through the sample leading 
to an appreciable amount of radiation decomposition. In order 
to keep this as small as possible, the irradiation time was 
generally kept to five minutes. The irradiation times were 
increased to a maximum of ten minutes when dose effects were 
studied or the beam intensity was too low to produce enough 
activity in five minutes. 
The dose received by the sample has been estimated at 
1.4 X 10"^  ev/molecule/min. by Rack, Lang and Voigt (31). 
They based their estimate on the disappearance of iodine in 
2,2-dimethylbutane. The color in a solution containing 1.3 x 
10"^  mole fraction iodine disappeared in fifteen minutes of 
irradiation. The above dose rate was calculated assuming 
that twenty-five ev was absorbed for each molecule of iodine 
reacting. 
Two other methods have been used by Clark and Voigt (28) 
to measure the dose rate received by the sample. The Fricke 
dosimeter and the cobalt glass dosimeter gave approximately 
the same dose rate of 2 x 10~^  ev/molecule/min. 
The actual effect of the beam on the sample is difficult 
to determine. The above three methods of determining the dose 
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give only an average value. The beam is operated at sixty 
cycles per second with a pulse duration of 4 x 10~^  seconds. 
O T 1 
The number of electrons per pulse varies from 10 to 10 
with an average value of 10^  (57). The beam diameter of 
approximately 0.13 inches is much less than the diameter of 
the sample. The overall effect is a much higher instantaneous 
dose rate than that represented by the average values. 
The number of radioactive carbon atoms produced during 
an irradiation was approximately 10^ . The recoil energy of 
the carbon atom varies according to Equation 1. 
% = (E + Q) (Eq. 1) 
where is the carbon-11 recoil energy, E is the bremsstrah-
lung energy, Q is the reaction energy of -18.7 Mev, m^  is the 
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neutron mass and m2 is the mass of C. The maximum cross 
sections for the reaction occur over an energy range of 23-25 
Mev. Using a value for the bremsstrahlung energy in this 
region, a recoil energy of approximately 0.5 Mev would be 
calculated. 
Analysis Apparatus 
The difficulties encountered in the analysis of the high 
boiling products in liquid hydrocarbons required the design 
f ' ;  
and purchase of a completely new analysis system. The sample 
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breaker previously used in this laboratory could not be heated 
separately from the oven; it did not give on-column injection 
of the sample, and was quite bulky. A new breaker (Figure 1) 
was designed and built to be placed between the injection port 
and the column. This position gave as near on-column injection 
of the sample as possible. The volume of the breaker was made 
as small as possible to prevent large amounts of carrier gas 
from mixing with the sample before it reached the column. The 
small volume reduced peak broadening and helped eliminate tail­
ing. The breaker screw which protruded through the side of the 
chromatograph was placed an an angle with the sample to insure 
that both the neck and the bulb of the bulblet would be broken. 
The breaker was heated by a 250 watt heater controlled by one 
of the available circuits of the chromatograph. An iron-
cons tant an thermocouple was used to measure the temperature of 
the breaker. The breaker system was enclosed in an insulated 
box inside the oven so that its temperature could be controlled 
independently of the oven temperature. To insert a sample, 
the end of the breaker was removed from the body, the sample 
was inserted and the breaker was put back together. After 
waiting until the carrier gas flow returned to equilibrium, 
the sample was broken and the experiment proceeded. 
20 
Figure 1. Diagram of sample breaker 
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A number of descriptions of the radioactivity detector 
system previously used in this laboratory have been given (30, 
32,46). Because this type of detector system could not be 
heated, it was not useful for the determination of high boil­
ing compounds. Figure 2 shows the detector system used in 
this study. A phototube, preamplifier and a 3-inch NaI(Tl) 
crystal were purchased from Isotopes, Inc. The crystal had 
the special characteristic of a 5/8 inch hole perpendicular to 
the crystal axis. An 8 mm. glass tube wound with a resistance 
wire was passed through the hole and connected to the outlet 
of the gas chromatograph. A 12 mm. glass tube was passed over 
the 8 mm. tube and wire. The inner tube could be heated to 
well over 100°C by passing 40-50 volts through the resistance 
wire, while the crystal was kept cool by passing a stream of 
air between the outside of the 12 mm. tube and the wall of the 
hole through the crystal. A number of metal tubes were tried 
including stainless steel, but they could not be used because 
of ïêâetiônê ô£ gerne of sha products with trace matais in thê 
heated tubes. 
Previously in this laboratory, data were taken using a 
strip chart recorder to make the peaks visible and manually 
starting and stopping a scaler to record the activity. Fre-
22 
Chromatograph 
Outlets 
8mm Tube 
12mm Tube 
Resistance 
Wire 
Figure 2. Diagram of detector system 
23 
quently the products were eluted too close together and the 
activity of a number of products would be recorded at the same 
time. Another measurement of the activity was obtained by 
using a planimeter on the chart to measure the areas of the 
peaks. Because of a number of sources of error in this re­
cording method, a system was designed using a Hewlett-Packard 
Model 5201L sealer-timer and Model 562A digital recorder. 
This system allowed continuous recording of the activity over 
consecutive preset times of 0.1 seconds to 1,000 minutes with 
a loss time of 3 x 10'^  seconds for transfer of information 
from the scaler to the printer. In our operation of the 
system 10 seconds was used as the accumulation period thus 
involving a loss of 0.03 percent of the counts. 
The NaI(Tl) crystal was shielded by a cylindrical lead 
shield approximately.11/8 inches in thickness and a supple­
mentary shield of 2-inch thick lead bricks. Since this 
shielding did not reduce the background sufficiently, a single 
channel analyzer was used to select the desired counting 
region, the energy range from 0.4 Mev to 1.2 Mev. This 
energy range included the single photoelectric peak from the 
annihilation radiation at 0.511 Mev and the peak at 1.022 Mev 
due to counting of the two annihilation photons in coinci­
dence, the sum peak. 
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The other electronic components were a Hewlett-Packard 
Model 5551A high voltage power supply and a RIDL Model 35-9 
rate meter. The rate meter was used to allow one pen of a 
dual pen recorder to trace the spectrum of radioactive prod­
ucts as they eluted from the chromatograph. 
The gas chromatograph used in this study was a Model 810 
DR-12 from the F & M Scientific Division of Hewlett-Packard 
Corporation. The instrument contained dual columns, dual 
thermal conductivity detectors, dual hydrogen flame detectors, 
dual flow controllers, a two-pen recorder, and a linear tem­
perature programmer. 
The temperature programmer gave highly reproducible 
spectra during analyses. It also significantly reduced peak 
broadening and tailing. The flow controllers kept the flow 
rate constant during temperature "programming. 
The thermal conductivity unit was used to determine reten 
tion times of known compounds injected into the chromatograph. 
The retention times of the radioactive compounds could be com­
pared to those of the known compounds for product identifica­
tion. This procedure was necessary because the amount of any 
radioactive product produced (~10"^  ^moles) was too small to 
be detected by the thermal conductivity cell. Also, in those 
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cases where the thermal conductivity cell did detect products, 
they were due to dose effects and not necessarily radioactive. 
A block diagram of the analysis system is given in Figure 
3. 
In order to correlate the activities of different samples, 
the total activities of the samples were measured before plac­
ing them in the chromatograph. This measurement was made on 
a fixed shelf mounted above a 1-inch NaI(Tl) crystal and the 
activity was recorded on a Nuclear Chicago scaler. Model 186, 
15 or 17 minutes after the irradiation. Since 2-minute 
oxygen-15 could be produced in the glass bulb, this waiting 
time was necessary to insure that any oxygen-15 activity pro­
duced during the irradiation could be considered negligible 
compared to the carbon-11 activity. 
Columns and Materials 
The gaseous products studied in this laboratory were 
generally separated using gas-solid chromatography (28). Due 
to reactions of acetylene with these columns, it was desirable 
to find a liquid phase which would give as good a separation. 
Thirty-five percent by weight of 2-ethylhexylacetate on 
Chromosorb-P was found to give such separations. The reten­
tion times for various gases on this column are given in 
26 
Rate 
Meter 
Scaler Printer 
Single 
Channel 
Analyzer 
Therrno-
cond'vïy 
Detector 
Detector 
Dual 
Pen 
Recorder 
Figure 3. Block diagram of analysis system 
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Table 1. In those instances where separation of ethane and 
ethylene was not necessary, columns of ethylbenzoate or tripo-
pionin on Chromosorb-P were used. All columns used in this 
study were made from glass tubing. 
Table 1. Retention times for various gases on a 30 ft., 8mm., 
2-ethylhexylacetate column, packed 35% by weight on 
Chromosorb-P and operated at room temperature with 
a flow rate of 54.5 ml./min. 
Compound Retention time (min.) 
Carbon monoxide 4.6 
Methane 5.6 
Ethylene ,10.0 
Ethane 11.4 
Acetylene 16.9 
Propane 27.6 
Propylene 29.7 
The short half life of carbon-11 requires a rapid anal­
ysis of the products produced during an irradiation. Also, 
since the parent compound generally elutes from the column 
before the high boiling products, it must be sufficiently 
resolved from these products so as not to interfere with their 
determination. Three liquid phases, Apiezon Oil, tripro-
pionin and tributyrin, gave suitable separations and were 
generally used throughout this study. Since tripropionin and 
tributyrin gave excellent separations of a number of five and 
six carbon compounds, retention data on the tripropionin is 
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reported in Table 2. For the products in the benzene system, 
Apiezon L was used as the liquid phase for the extremely high 
boiling compounds and GE SF(96) silicone fluid was used for 
the intermediate boiling products. 
Absolute Yield 
In order to determine the absolute yield of the products 
in any system the yield of at least one product in some system 
must be known for calibration purposes. Clark (57) has pre­
viously determined the absolute yield of acetylene in methyl-
cyclopentane obtaining a value of 17.8% at zero dose. This 
value was obtained by a least squares analysis of the data. 
The average value of the data gave a yield of 16.55%. As a 
check and comparison of this work, another method was used to 
determine an absolute yield. 
It was the purpose of this section of this study to deter­
mine the yield of acetylene in isopentane. Isopentane was 
chosen because it was expected to yield essentially all of the 
carbon-11 in the form of low to medium boiling products. 
A sample of isopentane was irradiated, monitored in the 
usual manner and broken in the chromâtograph, which had 
instead of a separation column an empty glass column 15 ft. 
long and 8 mm. in diameter. The temperatures of the oven. 
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Table 2. Retention times of some hydrocarbons on a tripro­
pionin column at a flow rate of 57 ml./min. and 
programmed at 2°/min. from 50-95°C 
Compound^  Reten­
tion 
time 
(min. ) 
Compound^  Reten­
tion 
time 
(min. ) 
Isopentane 24.8 3-Methyl-l-cyclopentene 25.5 
n-Pentane 27.8 4-Methyl-1-cyclopentene 25.5 
2,2-Diinethylbutane 34.0 2-Methy1-1-eyelopentene 30.1 
2-Methylpentane 39.7 Methylenecyclopentane 31.4 
2,3 -Dimethy Ibut ane 39.7 Bicyclo(3.1.0)hexane 34.4 
n-Hèxane 41.0 Cyclohexene 36.0 
3 -Me thy Ip ent ane 43.2 1,3-Cyclohexadiene 41.5 
4-Methyl-1-pentene 44.. 6 
3-Methyl-1-pentene 44.6 
Hexene-1 47.3 
2-Methyl-1-pentene 47.3 
trans-Hexene-2 49.9 
cis-Hexene-2 53.2 
3^5 percent by weight tripropionin on 30 foot column 
2^0 percent by weight tripropionin on 15 foot column 
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thermal conductivity cell and the tube through the crystal, 
were kept as close together as possible to prevent a change 
in flow rate when the sample came out of the chromâtograph. 
Although a change in flow was observed when the sample was 
broken, it returned to normal before the sample came out of 
the chromâtograph. This procedure allowed the determination 
of the ratio of the total activity seen by the flow detector 
to that seen by the monitor. 
A second sample of isopentane was irradiated, counted 
on the monitor, separated in the usual manner with a 2-ethyl-
hexylacetate column and counted in the flow system. The 
acetylene peak from this experiment was used to obtain a ratio 
of the acetylene activity as seen by the flow system to the 
total activity as seen by the monitor. The use of this and 
the previous ratio then give the ratio of the acetylene activ­
ity as seen by the flow system to the total activity as seen 
by the flow system, which is the absolute yield. 
Three determinations of the absolute yield of acetylene 
from isopentane give values of 21.64, 21.81, and 21.56% with 
an average value of 21.67%. This value was used throughout 
this study to calibrate the flow system. 
A comparison was made between this work and that of 
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Clark (57). Two determinations of the acetylene yield in 
methylcyclopentane were made using the yield of acetylene in 
isopentane as a calibration. The result was an average value 
of 16.44%, which agrees quite well with the value of 16.55% 
observed by Clark. 
A further check of the validity of the number will be 
seen later when a comparison is made between yields of prod­
ucts determined in this study and those of other investigators. 
Sample Calculation 
An actual separation of some gaseous products produced 
during the irradiation of a sample of n-pentane is shown in 
Figure 4. In order to make calculations on these products, 
the acetylene activity in isopentane had to be measured for 
calibration purposes. Sample calculations on both systems are 
given below. 
Isopentane 
Monitor count 14,845 background 147 Count-background 
14,698 
Decay correction 14,698 x 1.6646 = 24,466 
(to time synchrotron beam was shut off) 
Acetylene count in flow system 13,253 background 410 
Count-background 12,843 
Decay correction 12,843 x 3.8784 = 49,810 
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Ratio of flow system to monitor = 2.023 
24,466 
n-Pentane 
Methane yield (Figure 4) 
Monitor count 14,998 background 156 
Count-background 14,842 
Decay correction 14,842 x 1.6646 = 24,706 
Counts in methane peak 5,590 background 171 
Count-background 5,419 
Decay correction 5,419 x 2.6511 = 14,366 
Ratio of flow system to monitor 14,366 _ 5^815 
24,706 
Methane yield % 21.67 = 6.23% 
Flow rate corrections were made when necessary. 
Time since 28 34 40 50 52 
irrad. (min.) 
Figure 4. Separation of products on a 2-ethylhexylacetate column 
1. methane 2. ethylene 3. ethane 4. acetylene 5. propane 
6. propylene 
1' 
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RESULTS 
The compounds chosen for this study were five-carbon 
hydrocarbons, with the exception of benzene. These choices 
were made because these are the simplest hydrocarbons that are 
liquid at ambient temperatures, a necessary criterion for 
their irradiation in the system used. Small molecules were 
chosen, in order to minimize the number of products so that 
their separation and identification would be less difficult. 
The equipment used in this study has allowed a precision 
that was not obtainable in prior studies in this laboratory. 
The errors given in the tables of average values are the far­
thest deviation of any number from the average value. The 
number of runs made depended on the difficulty in separating 
and identifying the products. For instance, the gaseous pro­
ducts were determined in so many systems that sometimes only 
two runs are given while for the determination of the higher 
boiling compounds as many as five runs are represented in the 
average value. 
It can be seen from the tables that in no case were all 
of the products accounted for. Part of the reason for this was 
the influence of the parent compound. The large volume of par­
ent prevented measurement of some compounds that were assumed 
to be pentenes or pentadienes and whose yields were probably 
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about five percent. Another portion of the activity was in 
products containing eleven carbons, which are formed by the 
hot carbon atom reacting with two molecules of the parent com­
pound. These compounds were not generally observed due to the 
problem of removing them from the chromatograph column at the 
temperatures used. 
In the isopentane system, the eleven carbon compounds were 
observed. Since the acetylene yield from isopentane was used 
as a calibration number, it was considered necessary to see.if 
all the activity in isopentane could be found. A sample of 
isopentane was injected on a five foot column of Apiezon M and 
programmed to a temperature of 250°C. The recording of data 
was stopped when the activity reached normal background. The 
data was fed into a computer to calculate the total yield 
point by point which turned out to be 97.2 percent with 6.3 
percent as eleven carbon compounds. 
In those cases where the tables indicate a yield for two 
compounds, their separation could not be achieved. In the 
cyclopentane + iodine system, however, the 1,5-hexadiene may 
be eliminated by scavenger. 
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Table 3. Products from the irradiation of isopentane 
Product Percentages 
4-Methyl-l-pentene-j u.ig 11.15 
3-Methyl-1-penceneJ 
2-Methylpentane g « o-î 
2,3-DimethyIbutanen ^^  
3-Methylpentane j 7.70 7.77 
#127 #174 #175 
Methane 6.42 6.21 6.71 
Ethane 1.71 • 1.64 1.90 
Ethylene 12.24 12.32 13.07 
Propane 1.09 1.06 
Propylene 4.20 4.23 
Acetylene used as standard -• - 21.67 
#243 #246 #268 
Isobutane «V «B «« M .60 .49 
Butane — — — — — — — — .18 
Aliéné .99 1.05 .89 
Isobutylenel 1.27 1.19 1.34 Butene-1 J 
#97 #98 
2,2-DimethyIbutane 2.25 2.05 
2,3-Dimethyl-1-butene .93 1.59 
#200 
6 .80  
14.37 
1.08 
4.21 
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Table 4. Average values of products from the irradiation of 
isopentane 
Product Percentage Column^  
Methane 6.54 ± .33 1 
Ethane 1.75 .15 1 
Ethylene 12.54 + .50 1 
Propane 1.08 + .02 1 
Propylene 4.21 + .02 1 
Acetylene 21.67 + .14 1 
Isobutane .54 .06 2 
Butane .18 + - " 2 
Aliéné .97 + .08 2 
I s obuty lene"! 
Butene-1 J 
1.26 .07 2 
2,2-Dimethylbutane 2.15 + .10 3 
2,3-Dimethyl-1-butene 1.26 + .33 3 
4-Methyl- l-pentene"! 
3 -Methyl-1-penteneJ 11.16 + .02 3 
2-Methylpentane ~L 
2,3 -DimethylbutaneJ 9.00 + .20 3 
3-MethyIpentane 7.74 + .04 3 
Total . 82.05 
1^. 2-Ethylhexylacetate 
2. Tripropionin 
3. Apiezon Oil. 
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Table 5. Products from the irradiation of n-pentane 
Product Percentages 
#93 #94 #95 
Methane 6 .47 6. 23 6. 40 
Ethane 1 .02 1, ,16 1. 25 . 
Ethylene 8 .23 8. 23 8. 60 
Propane .98 1. 03 - -' " •" 
Propylene 4 .63 4. 26 - -, — — 
Acetylene 17 .87 16. 83 17. 75 
#188 #223 
Butane .68 62 
Aliéné 1 .12 1. 06 
Isobutylenël 
Butene-1 J 2 .86 2. 83 
Methylacetylene 2 .45 2. 80 
#90 #91 #92 
2-Methylpentane 
3-MethyIpentane 
n-Hexane 
Hexene-1 ~1 
2-Methy 1- 1-penteneJ 
trans-Hexene-2 1 
2-Ethyl-l-butene J 
cis-Hexene-2 
6.04 6.29 6.21 
3.04 3.71 3.21 
8.55 9.04 8.74 
8.79 9.35 8.72 
4.12 4.04 3.76 
2.04 2.06 1.87 
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Table 6. Average values of products from the irradiation of 
n-pentane 
Product Percentage Column^  
Methane 6.36 + .12 1 
Ethane 1.14 + .07 1 
Ethylene 8.35 + .25 1 
Propane 1.00 + .03 1 
Propylene 4.44 + .20 1 
Acetylene 17.48 + .50 1 
Butane .65 + .03 2 
Aliéné 1.09 + .03 2 
Is obutylenël 
Butene-1 J 2.84 + .02 2 
Methylacetylene 2.62 + .18 2 
2 -MethyIpentane 6.18 + .14 2 
3 -MethyIpentane 3.32 + .39 2 
n-Hexane 8.77 + .26 2 
Hexene-1 ~l 
2-Methyl-1-pent enej 8.95 + .40 2 
trans-Hexene-2 
2-Ethyl-l-butene 3.96 + .21 2 
cis-Hexene-2 1.99 + .12 2 
Total 79.14 
1^. 2-EthyIhexylacetate 
2. Tripropionin. 
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Table 7. Products from the irradiation of pentene-1 
-Product • 
#208 #210 
Methane 1.50 1.45 
Ethane .31 .40 
Ethylene 4.24 2.62 
Propylene 2.70 2.62 
Acetylene 17.48 
#212 
17.26 
#214 
Propane .18 .17 
Butane .20 .15 
Aliéné 1.33 1.42 
Isobutylenêl 1.24 1.34 Butene-1 j 
Methylacetylene 2.37 2.26 
1,3-Butadiene 2.65 2.78 
#288 #289 #290 #291* #292% 
4-Methy 1-l-pentene~] [ 1.94 1.75 2.03 1.93 2.16 3-Methyl-1-pent enej 
2-Methyl-1, 
4-pentadiene .85 .65 .79 .76 .70 
1,5-Hexadiene 3.28 3.18 3.45 3.54 3.62 
Hexene-1 "" 
2 -Met hy 1 -1 - pent enej [ 3.39 2.98 3.08 3.26 3.17 
Hexene-2 
2-Ethyl-l, I 2.98 2.54 2.43 2.58 2.80 
3-butadienej 
1,2-Hexadiene^ -} 5.11 5.08 4.98 5.55 5.35 1,3-Hexadiene j 
Hexyne-1 1.32 1.58 1.80 1.87 1.76 
2.74 3.52 3.20 4.89 4.81 
C^arrier was added for these runs. 
N^ot positively identified. 
U^nidentified product. 
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Table 8. Average values of products from the irradiation of 
pentene-1 
Product Percentage Column^ 
Methane 1.47 + .03 1 
Ethane .35 + .05 1 
Ethylene 4.16+ .08 1 
Acetylene 17.37 + .11 1 
Propane .17 + .01 2 
Propylene 2.66 + .04 2 
Butane .18 + .03 2 
Aliéné 1.37 + .04 2 
1.29 ±.05 2 
Methylacetylene 2.31 + .06 2 
1,3-Butadiene 2.71+ .06 2 
4-Methy 1-1-pentenen i Qfi + 90 s 
3-Methyl-l-penteneJ z J 
2-Methyl-1,4-pentadiene .75 + .10 3 
1,5-Hexadiene 3.41+ .23 3 
2-Methyl-l-pentene"} 3.18 +.21 3 
2-Ethyl-1,3 -but adi ene} 2.67 + .31 3 
1.2-Hexadieneb-% s 9i ^  q 
1.3-Hexadiene J ' 
Hexyne-1 1.67 + .35 3 
----^  4.85 + .04 
Total 57.74 
1^. 2-Ethylhexylacetate; 2. Tripropionin; 3. Apiezon Oil. 
N^ot positively identified. 
U^nidentified product, average of runs with carrier. 
42 
Table 9. Products from the irradiation of cyclopentane 
Product Percentages 
Methane 
Ethane 
Ethylene 
Propane 
Propylene 
Acetylene 
Butane 
Aliéné 
I s obuty lene~l 
Butene-1 J 
Methylacetylene 
1,3-Butadiene 
Hexene-1 
1,5-Hexadiene 
Methylcyclopentane 
Methylene-
cyclopentane 
Cyclohexene 
Bicyclo-
(3.1.0)hexane 
1,3-cyclohex adi ene 
a 
#144 #145 
7.60 7.18 
.47 .36 
3.09 3.26 
not detected 
1.22 
15.78 
1.22  
16.06 
#251 #252 
<.10 
1.52 
1.17 
1.11 
.46 
#137 
3.10 
2.12 
16.44 
6.18 
4.05 
5.11 
1.17 
#146 
7.96 
.46 
3.32 
1.67 
1.13 
1.20 
.60 
#138 #139 #140 #141 
3.34 
2.16 
16.61 
2.68 
2.42 
16.33 
3.06 
2.34 
16.51 
2.94 
2.37 
15.79 
6 .68  6.60 6.15 6.15 
4.83 - - - - 4.42 3.79 
5.27 — — — — 5.33 5.21 
1.09 1.13 1.00 — — — — 
Unidentified product. 
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Table 10. Average values 
cyclopentane 
of products from the irradiation of 
Product Percentage Column^  
Methane 7.58 + .40 1 
Ethane .43 + .06 1 
Ethylene 3.22 ± .13 1 
Propane not detected 2 
Propylene 1.22 ± .02 2 
Acetylene 16.38 + .55 1 
Butane <.10 2 
Aliéné 1.59 ± .08 2 
I s obuty lene"~) 
Butene-1 j 1.15 ± .02 2 
Methylacetylene 1.15 ± .05 2 
1,3-Butadiene .53 + .07 2 
Hexene-1 3.02 + .34 3 
1,5-Hexadiene 2.28 + .16 3 
Methylcyclopentane 16.33 + .50 3 
Methylenecyclopentane 6.35 ± .33 3 
Cyclohexene 4.27 ± . 56 3 
Bicyclo(3.1.0)hexane 5.23 ± .12 3 
1,3-Cyclohexadiene 1.09 ± .10 3 
___b 1.23 + .10 3 
Total 73.15 
1. 2-Ethylhexylacetate 
2. Tripropionin 
3. Tributyrin. 
U^nidentified product. 
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Table 11. Products from the irradiation of cyclopentene 
Product Percentages 
Methane 
Ethane 
Ethylene 
Propane 
Propylene 
Acetylene 
Aliéné 
I s obuty lene~) 
Butene-1 J 
Methylacetylene 
1,3-Butadiene 
1,5-Hexadiene 
3 -Methyl-1- eye lopent ene") 
4-Methyl-l-cyclopenteneJ 
Ij3-Hexadiene 
2-Methyl-l-cyclopentene 
Methylenecyelopentane 
Bicyclo(3.1.0)hexane 
Cyelohexene 
1,3-eyelohex adi ene 
Benzene 
— ___a 
a 
#173 #191 #192 #193 
2.85 2.87 2.87 2.97 
.11 .14 .15 
1.26 1.23 1.28 1.35 
not detected 
.21 .19 — — — — — 
14.50 14.02 14.12 14.49 
#194 #195 
.85 00
 
.19 .28 
.54 .58 
1.78 1.81 
#168 #170 #166 #167 
2.20 2.25 2.25 1.96 
5.89 6.13 5.61 5.83 
1.09 1.06 .99 1.08 
1.05 .96 .98 1.00 
1.39 1.29 1.18 1.26 
3.73 4.13 5.93 3.15 
2.11 2.15 2.27 
3.50 3.49 3.64 3.73 
2.03 2.21 1.92 1.79 
1.42 1.69 — — — — — — 
1.83 2.18 2.08 
U^nidentified product. 
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Table 12. Average values of products from the irradiation 
of cyclopentene 
Product Percentage Column' 
Methane 2.89 + .08 1 
Ethane .14 .02 1 
Ethylene 1.28 + .07 1 
Acetylene 14.28 + .26 1 
Propane not detected 2 
Propylene .20 + .01 2 
Aliéné .86 + .01 2 
Isobutylene"! 
Butene-1 J .23 + .05 2 
Methylacetylene .56 .02 2 
1,3-Butadiene 1.79 + .02 2 
1,5-Hexadiene 2.17 4- .21 2 
3-Methyl- 1-cyclopenten^  5.87 + .26 2 4-Methyl-l-cyclopenteneJ 
1,3-Hexadiene 1.06 ± .07 2 
2-Methyl-l-cyclopentene 1.00 .06 2 
Methylenecyclopentane 1.28 + .11 2 
Bicyclo(3.1.0)hexane 3.67 + .52 2 
Cyclohexene 2.18 + .09 2 
1,3-Cyclohexadi ene 3.59 + .14 2 
Benzene 1.99 + .22 2 
1.55 + .14 2 
1.99 + .21 2 
Total 48.56 
1^. 2-Ethylhexylacetate 
2. Tripropionin. 
^Unidentified product. 
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Table 13. Products from the irradiation of benzene 
Product Percentages 
#130 #131 
Benzene 3.05 2.57 
Toluene 2.60 2.59 
Cycloheptatri ene 3.70 3.96 
#260 #261 #262 
Biphenyl — — — — 1.13 1.05 
Diphenylmethane 3.49 4.04 3.38 
3.54 2.83 
U^nidentified product. 
Table 14. Average values 1 of products from the irradiation of 
benzene 
Product Percentage Column^  
Benzene 2. 81 + .24 1 
Toluene 2. 60 + .01 1 
Cycloheptatriene 3. 83 ± .13 1 
Biphenyl 1. 09 ± .04 2 
Diphenylmethane 3. 64 ± .40 2 
3. 18 + .36 2 
Total 17.15 
1^. G.E. SF (96) silicone fluid 
2. Apiezon L 
^Unidentified product. 
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Table 15. Products from the irradiation of a saturated 
solution of iodine in isopentane 
Product^  Percentages 
#111 #112 
Methane 3.24 3.18 
Ethane 1.02 1.33 
Ethylene 10.90 11.01 
Propane .40 .41 
Propylene 3.63 3.35 
Acetylene 22.07 22.21 
#113 #257 #258 
Isobutylene"! ,q cn 71 
Butene-1 J 
#109 • #110 
2,2-Diinethylbutane .96 1.25 
4-Methyl-l-pentene-) y.gg 7.91 
3-Methyl-1-pentenej 
2-Methylpentane 7 s? 7 Q1 
2,3 -Dimethylbut ane J ' 
3-Methylpentane 5.14 5.05 
Methyl iodide 5.07 5.72 
P^roducts not reported here that were reported for pure 
isopentane were not detectable. 
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Table 16. Average values of products from the irradiation of 
a saturated solution of iodine in isopentane 
Product^  Percentage Column^  
Methane 3.21 + .03 1 
Ethane 1.17 + .16 1 
Ethylene 10.95 + .06 1 
Propane .40 + .05 2 
Propylene 3.49 ± .14 2 
Acetylene 22.14 ± .07 1 
Isobutylene n 
Butene-1 j . 61 + .19 2 
2,2-Dimethylbutane 1.10 + .15 3 
4-Methyl-l-pentene"l 
3-Methyl-1-pentene _J 
7.88 + .03 3 
2-Methylpentane ~T 
2,3-DimethyIbutanej 7.71 ± .20 3 
3-MethyIp ent ane 5.10 + .05 3 
Methyl iodide 5.39 + .33 3 
Total 69.15 
P^roducts not reported here that were reported for pure 
isopentane were not detectable 
1^. 2-Ethylhexylacetate 
2. Tripropionin 
3. Apiezon Oil. 
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Table 17. Products from the irradiation of a saturated 
solution of iodine in n-pentane 
Product Percentages 
#107 #108 
Methane 3.78 3.78 
Ethylene 7.20 7.22 
Ethane .90 .72 
Propane .27 
Propylene 3.93 3.92 
Acetylene 18.74 18.52 
#254 #255 
Butane .23 .30 
I s obuty lene 2.29 2.16 
Butene-1 j 
Methylacetylene 2.18 1.97 
#104 #105 #106 
2-Methylpentane- 4.30 4.28 3.94 
3-Methylpentane 1.94 2.08 1.94 
n-Hexane 6.77 6.84 6.47 
Hexene-1 "1 5.47 5.47 5.43 
2-Methyl-1-penteneJ 
trans-Hexene-2 4.07 4.31 4.19 
2-Ethyl-1-buteneJ 
cis-2-Hexene 2.20 2.57 2.22 
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Table 18. Average values of products from the irradiation of 
a saturated solution of iodine in n-pentane 
Product Percentage Column^  
Methane 3.78 ± .02 1 
Ethane .81 + .10 1 
Ethylene 7.21 + .01 1 
Propane .27 ± .04 2 
Propylene 3.92 ± .02 2 
Acetylene 18.63 + .11 1 
Butane .26 + .04 2 
Is obuty lene~l 2.22 + .07 2 
Butene-1 J 
Methylacetylene 2.07 + .11 2 
2-MethyIpentane 4.17 + .23 2 
3-MethyIpentane 1.98 + .09 2 
n-Hexane 6.69 + .22 2 
Hexene-1 ~L 
2-Methy1-1-pentenej 5.45 + .03 2 
trans-Hexene-2 "1 4.19 + .12 2 
2-Ethyl- l-butenej[ 
cis-Hexene-2 2.33 + .25 2 
Total 63.98 
1^. 2-Ethylhexylacetate 
2. Tripropionin. 
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Table 19. Products from the irradiation of a saturated 
solution of iodine in cyclopentane 
Product Percentages 
#155 #156 
Methane 4.49 4.31 
Ethane .32 .35 
Ethylene 2.50 2.29 
Acetylene 17.25 16.67 
Propylene .72 .87 
#233 . #234 #235 
Hexene-1 1.97 1.54 1.49 
Ij5-Hexadiene ) 11.84 11.79 11.30 
Methylcyclopentane_J 
Methylenecyclopentane 2.02 —  —  —  —  2.42 
Cyclohexene 4.20 - — - — 3.85 
Bicyclo(3.1.0)hexane 2.54 —  —  —  —  - - - -
1,3-Hexadiene 1.19 —  —  —  —  1.28 
Methyl iodide 8.20 8.17 7.99 
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Table 20. Average values of products from the irradiation of 
a saturated solution of iodine in cyclopentane 
Product Percentage Column^  
Methane 4.40 ± .09 1 
Ethane .33 + .02 1 
Ethylene 2.39 ± .11 1 
Propylene .79 + .07 1 
Acetylene 16.96 + .32 1 
Hexene-l 1.67 + .30 2 
1,5-Hexadiene ) 
Methylcyclopentane_J 
11.64 + .34 2 
Methylenecyclopentane 2.2% + .20 2 
Cyclohexene 4.02 + .18 2 
Bicyclo(3.1.0)hexane 2.54 2 
1,3-Hexadiene 1.24 ± .05 2 
Methyl iodide 8.12 + .13 2 
1^. 2-Ethylhexylacetate 
2. Tripropionin. 
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Table 21. Products from the irradiation of cyclopentane with 
variable concentrations ef iodine 
Product Percentages 
ro
 
00
 
o
 
#284* #286% 
Aliéné .85 . 66 .74 
I s obuty lenë~l 
Butene-1 J 
1.11 1.08 .82 
Methylacetylene 1.61 .68 .25 
#280* #283* #284* #286* #287' 
Hexene-1 3.40 2.68 2.70 2.64 2.89 
Methylcyc lopent ane~l 
1,5-Hexadiene j 16.57 14.53 16.31 15.01 16.73 
Methylenecyclopentane r. 03 6.10 6.19 5.42 5.15 
Cyclohexene 7.76 — — — — 6.13 7.78 
Bicyclo(3.1.0)hexane 4.38 3.86 4.17 3.67 4.67 
1,3-Hexadiene 1.49 .94 1.24 1.03 1.39 
Methyl iodide 6.85 6.75 7.16 6.87 8.37 
*Run number 280 had iodide concentration of 1.32 mg./ml. 
Run numbers 283 and 284 had iodide concentrations of 2.94 
mg./ml. Run numbers 286 and 287 had iodide concentrations of 
4.67 mg./ml. 
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DISCUSSION 
Dose 
A study of the effect of dose was made on some gaseous 
products produced in the irradiation of cyclopentene. It was 
of interest to determine whether an unsaturated compound would 
act as a scavenger and thereby reduce any effects of the dose 
to which the system was subjected. It can be seen from Table 
22 that there is no dose effect on the products listed since 
there is no change in product yields. Although the monitor 
count is actually the total activity as seen by the monitor, 
it can be taken as a measure of the dose received by the sam­
ple, since the beam energy, sample position, and other vari­
ables were kept constant in the series. 
Table 22. The effect of dose on some gaseous products from 
cyclopentene 
Monitor 
count % CH4 % C2H4 % C2H6 % C2H2 
14,003 2.87 1.23 M as ••• 14.02 
25,740 2.85 1.26 .11 14.50 
32,900 2.87 1.28 .14 14.12 
60,987 2.97 1.35 .15 14.49 
Unscavenged Systems 
The radioactive species that are the precursors to prod­
uct formation are ^ C^, ^ C^H, ^ C^H2 and ^ C^Hg- Carbon-hydrogen 
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bond insertion by a carbon atom into a saturated hydrocarbon 
leads to an intermediate that can fragment to form acetylene 
or a methyne radical or can stabilize to form an olefin 
(Equation 2). 
The methyne radical may also be formed from hydrogen abstrac­
tion by the carbon atom. This radical can undergo reactions 
similar to that of the carbon atom. Carbon-hydrogen bond 
insertion, hydrogen abstraction and intermediate fragmentation 
or stabilization are also reaction modes of methyne. The 
methyne radical can be transformed directly or indirectly to 
the methylene radical and the methylene radical to the methyl 
radical. 
It is not surprising that a carbon atom can undergo so 
many different reactions before arriving at a stable product. 
The carbon atom is born with an energy of ~0.5 Mev, most of 
which it loses by collision before any process can occur which 
one would normally call a reaction. If it begins reacting 
when its energy is 15 or 20 ev, it can undergo a number of 
reactions before a stable product is reached since bond ener­
gies are on the order of 4 ev. Also, most of the reactions 
11 
(Eq. 2) 
^^ CH=CH + R -f H 
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occurring are exoergic and add to the energy available for 
breaking bonds. 
The charge on the carbon atom has been discussed by 
Marshall et al. (37). It appears that although the radio­
active carbon atom may have a charge when it is produced, it 
becomes a neutral atom long before it reaches an energy at 
which reactions can occur. These authors also discussed the 
electronic states available to the carbon atom. Resonance 
rule calculations indicate that C(^ P), C(^ D), and C(^ S) should 
3 be the only important electronic states. The P is the ground 
state of carbon and the and lie 1.2 and 2.4 ev above the 
ground state respectively. A number of reactions have been 
attributed to the singlet states, but their contributions are 
not well characterized. 
There are no spin restrictions for carbon atom insertion 
into a carbon-hydrogen bond or a carbon-carbon double bond. 
Although the ground state of carbon is a triplet, with two 
electrons having the same spins, there are also two electrons 
O 
whose spins are paired. This allows direct insertion of -^ P 
carbon into a bond and results in an intermediate which is a 
triplet. This seems to be confirmed by the studies of Skell 
and co-workers (47-51) who find that the first reaction of 
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ground state carbon is stereospecific while the second reaction 
is non-stereospecific when reactions occur with two molecules 
of a compound containing a double bond. The first reaction is 
stereospecific because the two electrons with paired spins 
allow direct insertion into one double bond. Insertion into 
the second double bond cannot proceed directly since the re­
maining two electrons have unpaired spins. Therefore, the pi 
bond of the second molecule must be broken allowing rotation 
about the sigma bond to occur before spin inversion is accom­
plished. The result is a non-stereospecific reaction. 
Skell and co-workers (47-51) find no reaction of carbon 
generated by a carbon arc with carbon-hydrogen bonds. This is 
somewhat contrary to the data of Nicholas ^  (58) in their 
studies of carbon-11. These authors studied the reactions of 
carbon-11 with 1 percent ethylene in solid xenon at -196°C. 
They found such products and yields as acetylene, 6.5 percent, 
aliéné, 26.3, pentyne-1, 11.2, and ethylallene, 8.6 percent of 
the total volatile activity. Also, they found less than 1.5 
percent of the products as spiropentane which by analogy with 
reactions of butene-2 would be expected as one of the major 
products of the reaction of carbon from a carbon arc with 
ethylene. 
The high yield of aliéné reported for the solid ethylene-
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xenon moderator system as compared to the 16.5 percent pro­
duced in gaseous ethylene (37) seems to be in conflict with 
the idea that singlet carbon is the precursor of aliéné. It 
is reasonable to expect that the low temperature and high 
moderator concentrations reported above would decrease prod­
ucts due to the singlet state rather than increase them. 
Also, these conditions may cause the carbon to be trapped and 
not allbw reactions to occur until the system is warmed. This 
waiting time would allow the excited states to decay and fur­
ther reduce the probability of obtaining products due to 
singlet carbon. 
Acetylene, which is generally formed in the largest yield 
of any product, is considered to be the result of carbon atom 
insertion into a carbon-hydrogen bond and fragmentation of 
the excited intermediate. Studies on the acetylene formed in 
mixtures of perdeuterated and perprotonated hydrocarbons (38) 
show that the hydrogens on the acetylene both come from the 
same molecule. This indicates that the acetylene is formed by 
the reaction of a carbon atom with a single molecule of the 
parent compound. 
The acetylene yields in condensed systems are generally 
lower than those in gaseous systems. This is due to the more 
efficient collisional deactivation of excited intermediates 
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in the liquid. The compounds formed by this deactivation con­
tain one more carbon atom than the parent compound and are 
referred to as compounds. 
Some reactions of the carbon atom to form Cj^ +l compounds 
in cyclopentane are given by Equation 3. 
0+ " c  
Neither benzene nor 2-methyl-l-cyclopentene were found as 
products of the reaction of a carbon atom with cyclopentane. 
The intermediate in Equation 3 is not necessarily the only 
precursor to the formation of these compounds, but is given 
as a possible intermediate. 
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Reactions for the cyclopentene system similar to those 
in Equation 3 produce such compounds as 1,3-cyclohexadiene and 
benzene. In this case, however, the initial reaction may be 
either with the double bond or a carbon-hydrogen bond. 
One other reaction of the carbon atom is the production 
of parent-like compounds. These compounds could be produced 
by a billiard-ball type collision where the radioactive carbon 
atom replaces a carbon atom of the parent compound. Since in 
most systems very little if any tagged parent was found, it 
appears that the intermediate is so rich in energy that two or 
more hydrogens are lost before the compound can be stabilized. 
Only in the case of benzene was any measurable amount of 
tagged parent found, which is probably due to the fact that in 
this system the parent was by far the most stable compound. 
The results on the benzene system agree well with those of 
other authors (22,23,44), but the yield of benzene itself is 
subject to some error due to the large change in flow when the 
parent was eluted from the chromatograph. 
The reactions of methyne are not well understood at this • 
time, since most reactions of this species may also be attri­
buted to reactions of a carbon atom or methylene. However, 
Nicholas et a^ . (59) report the apparent production and reac­
tion of methyne in their studies on the reaction of carbon-11 
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with mixtures of hydrogen and ethylene. 
The chemistry of methylene has been much more thoroughly 
investigated than that of the other possible reacting species. 
The ground state of methylene is a triplet, but there is a low 
energy singlet state (60,61). Methylene has been produced in 
a number of ways including the photolysis and pyrolysis of 
diazomethane and ketene and the pyrolysis of hydrocarbons. 
The attack of methylene on carbon-hydrogen bonds seems 
to be indiscriminate (62) and proceeds through a three center 
mechanism (63), when the methylene is produced by photolysis 
of diazomethane. However, in the reactions of methylene pro­
duced by photolysis of ketene, the methylene seems to be much 
more discriminate (64). This indicates in these processes 
that the methylene formed from diazomethane is more highly 
excited than that produced from ketene. 
A number of reactions of methylene are stereospecific 
which implies that a singlet state is taking part in many of 
the reactions. In some cases, however, the methylene has been 
produced in the triplet state by sensitized photolysis and 
still undergoes stereospecific reactions (52). This implies 
that the rate of conversion of triplet intermediates to sing­
let intermediates must be approximately the same as the rate 
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of carbon-carbon single bond rotation. 
In every system studied here, there are products which 
are thought to be produced by methylene insertion into a 
carbon-hydrogen bond or a carbon-carbon double bond. Equation 
4 indicates methylene insertion into a carbon-hydrogen bond of 
cyclopentane. The very high yield of methylcyclopentane indi­
cates that a considerable amount of methylene is formed in this 
system. 
Equation 5 shows a reaction of methylene with a carbon-
carbon double bond. These products are identical to two of 
the compounds in Equation 3, but in this case they are products 
of the reactions of methylene rather than a carbon atom. 
If both singlet and triplet methylene are taking part in 
reactions the distribution of products may not be statistical 
since triplet methylene is believed to be more discriminatory 
in its reactions. This may explain in part the lack of a 
statistical distribution of products attributed to reactions 
» (Eq. 4) 
(Eq. 5) 
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of methylene in the unscavenged systems studied. 
The only product found that can be attributed to a reac­
tion of a methyl radical is methane. 
Scavenged Systems 
Scavengers are added to a system to remove those products 
which are formed through radical intermediates whose life 
times are long enough to allow removal. In this study scav­
engers were added to n-pentane, isopentane and cyclopentane. 
Iodine was not added to cyclopentene, pentene-1 or benzene, 
because of the disappearance of color in the first two systems 
on standing and the possibility that a complex is formed in 
the case of benzene. However, these unsaturated compounds 
probably act as scavengers to some extent themselves. 
Acetylene can certainly be described as a hot atom prod­
uct. Unlike the other products of reactions of carbon atoms, 
in no system was the acetylene yield reduced by the addition 
of scavenger. If anything, there seems to be a slight in­
crease in acetylene yield with scavenger added, indicating 
that some of the acetylene was reacting with radicals produced 
by dose. The acetylene yield in the benzene system, although 
not reported here is rather low. This is probably due to the 
ability of benzene to absorb much larger amounts of energy 
without fragmentation. 
64 
The products formed in the cyclopentane plus iodine sys­
tem show that in a compound with equivalent hydrogens, the 
carbon atom has sufficient energy to undergo a number of dif­
ferent reactions. Two of the products in Equation 3 are the 
result of ring enlargement from five to six carbon atoms and 
in one case hydrogen is also lost. Similar rearrangements may 
occur in the straight chain hydrocarbons, but the effect on 
the distribution of products is not known. Whether or not a 
statistical distribution of products attributed to reactions 
of carbon atoms occurs is difficult to determine because the 
reaction modes are not well understood and may be quite com­
plex. 
As mentioned earlier, the reactions of methyne are not 
well understood. As shown in Equation 6, one possible product 
of the reaction of methyne is ethylene. The fact that the 
IICH + CH3-R = IICH2-CH2-R = ^^ CH2=CH2 + R (Eq. 6) 
yield of ethylene is hardly affected by the presence of scav­
enger supports this hypothesis, because the intermediate 
formed in this way can collapse to ethylene without another 
radical intermediate being involved. 
Like the yields of products of carbon atoms, the yields 
of products of methylene reactions were reduced by scavenger. 
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In the n-pentane plus iodine system, a statistical distribu- . 
tion of products was found. Indiscriminate reactions of 
methylene would give absolute yield ratios of n-hexane:2-
methylpentane:3-methylpentane of 6:4:2. The ratios of 6.69: 
4.17:1.98 were found, in excellent agreement with the ratios 
of 6.5:5.3:2.1 by Wolf (22) in carbon-14 studies. 
In the scavenged isopentane system, the ratios 3-methyl­
pentane: (2 -methylpentane plus 2,3-dimethylbutane):2,2-dimethyl-
butane statistically should be 6:5:1. These ratios observed in 
the presence of iodine are 4.63:7.0:1. This non-statistical 
distribution of products may be due to unexpected and unre­
solved compounds. 
Two rather interesting things come to light in the scav­
enged systems. The methane is not completely removed by the 
presence of scavenger, and the yield of methyl iodide is 
larger than the loss of methane. 
The first phenomenon may be due to a radical that is not 
readily removed by scavenger. Singlet methylene may be such 
a radical and its reaction with hydrogen molecules to form 
methane has been postulated (65). Such a reaction is feasible 
since hydrogen was produced during the irradiation and was 
easily detected by thé thermal conductivity cell. Studies by 
Clark and Voigt (28) indicate a strong dependence of the 
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methane yield on dose, which may be the result of the reaction 
of methylene with a product such as hydrogen whose concentra-
tion increases with dose. 
The fact that the yield of methyl iodide is greater than 
the reduction in the methane yield may also be explained by 
the reactions of methylene. This explanation rests on the 
assumption that triplet methylene reacts as in Equation 7 
CH2 + RH = CH3 + R = CH3R (Eq. 7) 
which was proposed by Richardson et al. (66) to explain carbon-
hydrogen bond insertion by triplet methylene. The triplet 
methylene first abstracts a hydrogen atom from the parent gen­
erating two radicals, one of which is a methyl radical. These 
two could recombine to form a stable product. If the methyl 
radical can be removed by scavenger before the two radicals 
can recombine, then there would be a corresponding increase in 
methyl iodide. 
In cyclopentane, the only possible stabilization product 
of methylene is methylcyclopentane, since all of the hydrogens 
are equivalent. If part of the methylcyclopentane is being 
formed by Equation 7, then there would be a decrease in the 
yield in the presence of scavenger. The yield of methyl io­
dide minus the loss in the yield of methane in cyclopentane 
saturated with iodine is 4.94 percent, and the decrease in 
methylcyclopentane in the same system is 4.69 percent. 
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CONCLUSIONS 
The product distribution in a number of liquid hydrocar­
bons has been studied, and the formation of the products has 
been discussed in terms of reactions of the species C, CH, CH2, 
and CH3, principally insertion reactions. 
The requirement that carbon atoms undergo two insertion 
reactions to complete their octet of electrons may result in 
structural rearrangement of the carbon atoms. This would make 
it difficult to show that a statistical distribution of 
products was formed. 
In unscavenged systems, reactions of triplet methylene 
apparently interfere with the realization of a statistical 
distribution of products. A near statistical distribution of 
products was found in the n-pentane plus iodine system, but 
not in the isopentane plus iodine system. In the scavenged 
isopentane system, this may result from unexpected or unre­
solved products. 
It has been shown that triplet methylene can undergo 
carbon-hydrogen bond insertion by way of a methyl radical 
intermediate. This methyl radical can be removed by scavenger 
giving a decrease in products due to methylene insertion and 
corresponding increase in the yield of methyl iodide, if 
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iodine is used as the scavenger. 
The higher rate of collisional deactivation in liquid 
systems permits a greater number of stabilization products of 
reactions of methylene and carbon atoms than in the gas phase. 
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SUGGESTIONS FOR FUTURE WORK 
Although the effect of scavenger was determined in the 
saturated hydrocarbons, the dependence of product yields on 
scavenger concentration needs to be determined. This informa­
tion along with studies on stereospecific compounds may help^  
determine the roles of singlet and triplet carbon and methyl­
ene in product formation. The position of the radioactive atom 
in the products formed needs to be determined also, since 
insertion into a carbon-hydrogen bond may result in rearrange­
ment of the position of carbon atoms. 
More information is needed on phase dependence of products 
of higher molecular weight compounds. These data along with 
studies on aromatic systems and moderator effects in the gas 
phase may permit a better determination of the energy of the 
reacting species. 
In view of the increasing amount of information available 
on reactions of carbon produced from a carbon arc and the 
apparent disagreement with recoil chemistry, more recoil 
studies are necessary at low temperature and high moderator 
concentration. 
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